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Abstract 
Copper pastes suitable for low temperature and low pressure die-attach bonding were developed 
to enable sintering at 275 °C under N2 atmosphere. First, brass flakes were treated with HCl to 
selectively etch Zn and to realize enhanced surface modifications on the flakes. Then, 
polyethylene glycol was added as binder to the modified flakes due to its reducing effects on 
copper oxides and its property to prevent agglomeration. Shear strength of ca. 50 MPa was 
achieved while sintering with 10 MPa bonding pressure thereby providing suitable, easy and 
low-cost sintering pastes for microelectronics packaging applications. 
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1. Introduction 
Restrictions on the use of hazardous materials and rapid progresses in the field of electric 
vehicles are among the major contributing factors towards the development of alternatives to 
high Pb solders which are capable of ensuring reliable operation for high temperature (> 175 
°C) microelectronics packaging applications [1,2]. Ag sintering has been a major focus of 
research over the past decade as a solution to Pb-free soldering [3]. However, reported 
susceptibility of Ag sintered interconnects to electromigration [4] and high cost of Ag are 
motivating factors to investigate alternatives. Cu offers the advantage of comparable electrical 
and mechanical properties to Ag at a fraction of the cost. Cu is more resistant to 
electromigration, abundantly available and easily recyclable, thereby offering a sustainable 
alternative. However, a major challenge is the high affinity of Cu to oxidize, a spontaneous 
reaction, thermodynamically and kinetically favourable by increasing temperature [5,6]. In 
addition, the higher melting point of Cu (1085 °C) would mean a higher sintering temperature 
compared to Ag, when working with particles of comparable morphologies. Solutions to tackle 
these challenges in Cu sintering range mainly from using reducing atmosphere (H2 or formic 
acid enriched N2) during sintering [7–10], using reducing binders in pastes [11,12], oxidation-
reduction bonding processes [13], Cu core shell particles with Ag/Sn outer layers [14,15] and 
phosphating Cu nanoparticles [16]. While these solutions are promising at laboratory scale 
experiments, the high sintering temperatures (> 300 °C) and the intensive and expensive process 
of development of Cu nanoparticles are challenges in upscaling to real-world applications. 
Recently,  Cu salts were investigated as promising interconnect material for die-attach bonding 
[17] However, the price of Cu salts is a relevant aspect in the cost-benefit analysis of many 
applications. Cu and brass flakes are ca. 5 times less expensive than Cu salts and can be 
commercially procured for less than 100 $/Kg. In this paper, an easy and low-cost solution 
using surface enhanced Cu and brass flakes is introduced. To improve the sinterability of the 
flakes, high surface roughness and morphological modifications are realized through a wet 
chemical etching process. After etching, the flakes are dispersed in polyethylene glycol 600 
(PEG600) which is reported to be successful in reducing copper oxides [17]. The combination 
between the thin flake morphology of the materials with enhanced surface modifications and 
the reducing binder allows for sintering at 275 °C in N2 atmosphere. Under the application of a 
bonding pressure of 10 MPa, shear strength of ca. 50 MPa was achieved which is considerably 
higher than the requirements specified under the test method standard for microcircuits (MIL-
STD-883E) [18]. 
2. Materials, samples preparation and characterization 
Cu and brass flakes with a thickness of ca. 200 nm and a diameter of approximately 3-5 µm 
were sourced by Schlenk Metallic Pigments GmbH, Germany. Three different brass flakes were 
investigated, with compositions between 2.5 and 25.7 wt% of Zn (Error! Reference source 
not found.1). For wet chemical etching, 100 g of flakes were stirred in 600 ml of 12M HCl at 
600 rpm for 4 hours at room temperature. The flake concentration in acid was chosen to ensure 
efficient stirring, thereby avoiding coagulation of the flakes during etching. A scanning electron 
microscope (SEM) was used for the analysis of the flakes before and after etching and for the 
corresponding microstructure evaluation. Characterization of the flakes by X-ray diffraction 
spectrometry (XRD) was carried out using a Panalytical Empyrean diffractometer with Co- 
Kα1 radiation (λ= 1.788 Å) at an accelerating voltage of 40 kV. The XRD was collected with a 
step size of 0.03° over the angular range 30–100° (2θ) with a total collection time of 58 min. 
The XRD patterns of the flakes before etching and after etching were analysed and compared 
using the Panalytical HighScore Plus software package, containing the 2016 database. PEG600 
was used as binder for the formulation of the pastes. The developed pastes were intended to 
satisfy the requirements of stencil printing, which is a standard technology in die-attach 
bonding. The pastes (i) can be easily printed through the stencil apertures, (ii) do not stick to 
the squeeze or clump on the stencil, and (iii) hold their shape after printing. Different weight 
ratios of etched flakes to binder were investigated. The weight ratio of 63/37 was determined 
as optimal. This ratio was selected based on the best results of printability of the pastes in terms 
of consistency, adherence, stickiness, and compressibility. An excessive amount of binder led 
to a spread out at the edges and corners during the printing process. On the contrary, with 
PEG600 lesser than 37 wt%, a consistent print was not enabled. Mixing of the paste was 
performed in a planetary rotary mixer for 4 min at 1000 rpm followed by 5 min at 500 rpm. A 
PBT-Uniprint-PMGo3v semi-automatic stencil printer equipped with a motorized double blade 
squeegee and a 75 µm thick stencil was used. Sintering was performed under the application of 
10 MPa bonding pressure at 275 °C for 30 min under N2 atmosphere with a ramp rate of 1 K/s. 
Si3N4 chips (1.55 x 1.6 x 0.08 mm
3) with Pt/Au metallization were used as test chips and Cu 
substrates (12x12x1mm3) with electroless Ni immersion Au (ENIG) metallization were used as 
substrates. The chip was placed on the printed paste only after the sintering temperature was 
reached to ensure sufficient degassing of the binder. Shear tests were performed on a XYZ-
Condor Sigma Lite shear tester under a shear speed of 25 µm/s. Finally, the porosity of the 
sintered interconnects was calculated using open source image processing program ImageJ.  
3. Results and discussions 
Equations 1-3 describes the chemical reactions occurring in the etching process: Selective 
etching of Zn from the brass flakes (equation 1) and etching of Cu oxides from the Cu flakes 
(equation 2 and 3). Because of the reduction potentials, Cu does not react with HCl. After 
etching, the flakes were thoroughly rinsed first in distilled water and then in isopropanol to 
remove any traces of chlorine. ZnCl2 and CuCl2 are highly soluble in water with a solubility of 
432g/100ml and 70.6g/100ml, respectively. CuCl is sparingly soluble in water 
(0.0062g/100ml), however highly soluble in concentrated HCl.  
Zn(s) +  2HCl (l)  ZnCl2 (l) +  H2 (g)      (1) 
CuO(s)  + 2HCl(l)   CuCl2 (l)  +  H2O(l)     (2) 
Cu2O (s) +   2HCl(l)  2CuCl (l)  +  H2O(l)     (3) 
Table 1 - Materials composition resulting from EDX element analysis and average shear 
strength across 5 measurements. 
Sample 
name 




Shear strength (MPa) after 
sintering 
S1 Cu flakes na na 62 ± 3 
S2 Brass flakes 
with 2.5 wt% Zn 
0.7 72 56 ± 3 
S3 Brass flakes 
with 7.7 wt% Zn 
3.0 61 57 ± 2 
S4 Brass flakes 
with 25.7 wt% 
Zn 
6.4 75 46 ± 3 
 
SEM analysis reveals the surface modifications on the flakes due to the etching (Fig. 1). The 
etching has the advantage to selectively etch Zn, thereby creating enhanced surface 
modifications on the brass flakes resulting in a favourable material morphology for low 
temperature and low pressure sintering [19]. The modifications are observed to be mainly 
increased curvatures and edges along the surfaces of the flakes, giving them a rough texture as 
compared to the original flakes, which show a smooth surface. These are extensively reported 
as contributing factors in enhancing sinterability of metal particles at low temperatures [20,21] 
All starting materials had a Zn content less than 30 wt%, with the indication of α-brass phase. 
In α-brass, Zn is completely dissolved in the Cu, forming a solid solution [22]. Table 1 shows 
the percentage drop of Zn after etching. Because all starting materials have the same size, no 
correlations with the flake dimensions are investigated. XRD analysis of the particles before 
and after etching is shown in Fig. 2. Pure Cu flakes (Fig. 2a-b) and brass flakes (Fig. 2c-f) reveal 
the typical three major Cu peaks and Zn peaks in all the brass samples. As expected, low 
intensity Cu oxide peaks due to CuO and Cu2O are also detected in the starting materials. After 
etching, CuCl was detected for brass flakes S2 (Fig. 2d) indicating inadequate cleaning. In case 
of brass flakes S4, Cu0.7Zn0.3 phases are identified in the original flakes. Similar phases have 
been earlier reported in the CuZn system consisting of up to 30 wt% of Zn [23,24]. However, 
after etching new pure Cu peaks appear and the Cu0.7Zn0.3 phase can be identified along the 
shoulder of the newly developed pure Cu peaks.  
In the case of Cu flakes S1, after etching and drying in ambient atmosphere for 24 hours, tiny 
mound-like structures are observed on the surfaces (Fig. 1b). These features can be identified 
as Cu2O nanoparticles by the more pronounced Cu2O peaks observed in the XRD analysis of 
the etched flakes. The etching compromises the protective layer formed on the flakes by stearic 
acid used during the ball milling process, thereby exposing the Cu particles to oxidation during 
the drying process. The structures seen are consistent with observations reported in literature 
on the oxidation of reduced Cu nanoparticles [25]. Similar features have been earlier reported 
to enhance sintering during the oxidation-reduction bonding process of Cu particles after their 
oxidation in air [13]. In case of brass, the surface modifications are due to the selective etching 
of Zn from the alloy and therefore a rough surface texture is created. With residual Zn still left 
in the flakes and acting as a sacrificial anode, no pronounced Cu2O peaks are observed like in 
the case of Cu flakes [26,27].  
 
Fig. 1 - SEM images of the flakes before (a, c, e, g) and after (b, d, f, h) etching for 4 hours in 
12 M HCl showing enhances surface modifications on the flakes. 
 
 
Fig. 2 - XRD analysis of the flakes before (a, c, e, g) and after (b, d, f, h) etching in 12M HCl 
for 4 hours at room temperature. 
 
Fig. 3 – Analysis of shear strength values among all interconnections made by the four pastes 
with PEG600 as binder: (a) Box plot and (b) Tukey-Kramer method of pairwise comparison 
(equivalent to 95% simultaneous confidence level). 
Based on the sintering process developed with the application of 10 MPa bonding pressure at 
275 °C for 30 min in N2 atmosphere, the sintering characteristics of the four interconnects were 
compared. Table 1 lists the shear strength values of the interconnects which were realized by 
sintering with each of the four developed pastes. Boxplots in Fig. 3a graphically depict the 
groups of values though their quartiles. To analyse the shear strength values, the Tukey-Kramer 
method was applied with a significance level of 0.05. A single-step procedure for pairwise 
comparisons among all samples was used to identify which specific groups had significantly 
different means from one another. The results of Fig. 3b indicate that the means for the pair S3–
S2 are not significantly different, for the pair S3-S1 are only marginally different while for the 
rest the means are significantly different from each other.  
Surface diffusion is a major contributing factor towards the development of necks between 
particles at low sintering temperatures [21,28]. Working with surface modified flakes offers an 
advantage because flakes have a high free surface energy due to their large specific surface area 
compared to spherical particles of the same size. With Ag sintering, better necking behaviour 
was observed while working with Ag flakes as compared to spherical Ag particles [29]. SEM 
analyses of the cross sections of the interconnection (Fig. 4) reveal homogeneous 
microstructures between the flakes in all the realized assemblies. In case of paste-S1, obtained 
with etched Cu flakes in PEG600, a bulk like interconnect is observed. This paste also returned 
the best shear strength value (62 ± 3 MPa) among the others (between 46 and 57 MPa). Cu 
oxides on the flakes are a hindrance to surface diffusion during sintering as they are 
thermodynamically more stable than pure Cu and increase the sintering temperature [30]. The 
disadvantages of oxidation of Cu particles and the consequent hindrance to sinterability, both 
between particles as well as to the substrate are eliminated by the use of PEG600, which is 
demonstrated to be effective in reducing Cu oxides [31]. The use of the PEG600 in the paste 
formulation enables the in-situ reduction of Cu oxides during the sintering process. The 
reduction products are Cu nanoparticles which act as nano joiners between the µ-sized flakes 
thereby realising a bulk like microstructure with higher shear strength in case of the etched Cu 
flakes. In case of paste-S4 (Fig. 4d), it returned the lowest shear strength (46 ± 3 MPa).  
Porosity of the microstructure affects the mechanical and thermal integrity of the interconnect. 
It is mainly related to sintering parameters (e.g. time, pressure, temperature, heating rate,  
atmosphere) [20] and paste formulation (e.g. physical-chemical properties of the materials, 
grain geometry and size, interaction between particles and binder). Under the sintering 
conditions of the present study (275 °C, 10 MPa, 30 min, N2 atmosphere), the four developed 
pastes have appropriate high shear strength but different types of microstructure and porosity. 
This could be beneficial for specific applications: for example, a sponge-like porous 
microstructure with homogeneous distributed pores will be beneficial for applications where 
stress relaxation after sintering is required, i.e. when joining materials with large thermo-
mechanical mismatch. The porous microstructure with small homogeneous distributed pores 
targets in addition the reduction of crack propagation in the interconnect and by that a high 
thermo-mechanical fatigue resistance.  
The sintering characteristics of the four interconnects were compared in terms of porosity, and 
average pore size and distribution. Image analysis of the representative SEM images of the 
cross sections provides an indication of the area fraction of the porosity across the particular 
plane for each of the characterized specimen as shown in Fig 4(a1-d1). Paste-S1 (~6% porosity) 
shows isolated pores with average pore area of 0.03µm² (n = 1021) while pastes-S2 (~19% 
porosity), -S3 (~21% porosity) reveal homogeneous interconnect with sponge-like porous 
matrix with average pore area of 0.12 µm² (n = 1021) and 0.11 µm² (n = 1102) respectively. 
Paste-S4 (~26% porosity) shows finely distributed interconnected pores with average pore area 
of 0.04µm² (n = 4354) with ‘n’ denoting the total number of pores. The pore share factor (F) is 
reported to provide an indication on the microstructure evolution [32]. It is calculated by using 
the formula: 
F = (4πA)/P² (4) 
where A is the pore area and P is the perimeter of the pore. The analysis reveals that a majority 
of the pores in the sintered interconnects of paste-S1 are in the range of near spherical to 
spherical shaped pores (F ≥ 0.8) while in case of paste-S2, -S3 and -S4 predominantly irregular 
shaped pores are observed (F < 0.7). This is also evident from the microstructure of the sintered 
interconnect shown in Fig. 4 which shows isolated pores in case of past-S1 and interconnected 
pores in case of -S2, -S3 and -S4. The average area of the pores in paste-S2 and -S3 is ~ factor 
3 larger than in case of -S1 and -S4 which are dominated by pores < 0.2 µm². However, excellent 
necking between the particles is observed in the sintered interconnects of paste-S2 and -S3 and 
bulk like sintering in -S1 which explains the high shear strength compared to -S4. The enhanced 
densification in case of -S1 as compared to the other pastes under the same bonding conditions 
is attributed to the in-situ formation of Cu nanoparticles, i.e. the reduction of Cu2O particles to 
Cu nanoparticles, under the action of PEG600. In comparison to microparticles, nanoparticles 
are observed to sinter better together even under pressurelesss conditions [17] and reported to 
enhance sintering densification in case of Ag sinter sinter pastes [33–35]. The application of 
bonding pressure of 10MPa contributes further in achieving a densely packed structure. In case 
of the interconnect of paste-S4, although the average pore area and size are similar to paste-S1 
and substantially smaller compared to -S2 and -S3, the pore distribution shows that the number 
of pores is a factor ~4 higher than that in the other samples indicating a large number of small 
pores distributed across the sintered interconnect (Fig. 4d1). The SEM analysis of the 
interconnect reveals clustered sintering between the particles with insufficient necking (Error! 
Reference source not found.) and high porosity (ca. 26%, Fig. 4d1). These two observed 
phenomena are the most probable factors for the lower shear strength values of paste S-4. 
Further, the residual Zn in the microstructure as well as the Cu0.7Zn0.3 phase as identified by 
the XRD analysis could also be reasons for the lower mechanical integrity of the interconnect 
[36].  
 
Fig. 4 – SEM images of the cross-section of the sintered interconnects. a1-d1: Grayscale images 
with the measured porosity values calculated across the cross-sections.  
 
 
Fig. 5 - SEM images of the cross section of the sintered interconnect obtained using paste-S4 
made by etched brass flakes with 6.4 wt% Zn and PEG600. Arrows in 200 nm scale image 
highlight insufficient necking between the particles. 
Interfacial processes are crucial in many applications and are required to assure efficient 
thermal and electrical conductivity between the components. Indeed, insufficient bonding at the 
interfaces drastically affects the performance and long term reliability of the assembly as it can 
be a source of delaminations during the active lifecycle. Fig. 6 shows the interface regions 
characterizing the Si3N4 chip/sintered interconnect/Cu assemblies. All four investigated pastes 
show good sinterability to the substrate and chip metallization. In all assemblies, the sintering 
at the interface reflects the morphology of the microstructure observed in the interconnect bulk. 
Analysis of the interconnects after shear testing provides a good overview of the nature of the 
fracture. In all cases, after shear testing, the fracture was always in the interconnect bulk which 
confirms a strong bonding at the interface.  
 
 
Fig. 6 – SEM cross-section images of sinterability to the ENIG substrate and to the Pt/Au Si3N4 
chip metallization while sintering under 10 MPa bonding pressure at 275 °C for 30 min in 
nitrogen atmosphere. Red dotted lines indicate the interface between sintered interconnect and 
chip or substrate. 
 
4. Conclusions 
Cu pastes for die-attach applications were prepared with a novel easy and low-cost approach 
based on the realization of surface modifications on Cu and brass flakes by etching with HCl. 
While the surface modifications led to enhanced sinterability of the flakes, the thin flakes type 
morphology allowed for the formation of a dense and close packing structure even under the 
application of a low bonding pressure. The pastes could be sintered at 275 °C and under N2 
atmosphere due to the use of PEG600 in the formulation of the paste. The approach offers a 
promising alternative to existing die-attach bonding processes for ENIG copper and Pt/Au 
metallisation. Finally, the observed morphological evolution of the microstructure under the 
same bonding conditions in the developed pastes, ranging from a dense bulk-like to a sponge-
like microstructure allows for the use of the pastes in a wide range of applications. In future, 
experiments to determine the correlations between pore size and grain size of the different 
materials, and the impact of the bonding parameters on the mechanical properties, i.e. thermo 
mechanical fatigue and creep, of the sintered interconnect and compatibility to other standard 
metallizations will be investigated. 
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